Abstract Almost 10,000 single nucleotide polymorphisms (SNPs) had been identified in the RT1 complex, the major histocompatibility complex of the rat, but less than ∼0.5% have been characterized. In the context of the incomplete characterization of most SNPs, simple sequence length polymorphism (SSLP) marker development is still valuable for understanding the involvement of genes in the RT1 in controlling disease susceptibility, since SSLPs are user-friendly and cost-effective genetic markers in rat genome analysis. In this study, we developed a set of 67 SSLP markers, including 57 novel markers, to cover the entire RT1 complex and then created genetic profiles across 67 rat strains. These markers are located almost every 50 kb in the RT1 complex and show comparable polymorphism; the average number of alleles was 8.04±3.44 and the average polymorphic rate was 71± 23%. Interestingly, markers failing to amplify polymerase chain reaction products were highly observed in all strains except for BN/SsNHsd, which suggests the existence of highly variable genomic sequences or genomic rearrangements in the RT1 region across rat strains. Based on the phylogenic tree and individual genotyping data, we identified 28 SSLP marker haplotypes in the RT1 region that roughly consisted of three genomic regions. These findings provided new insight into the genomic organization of the RT1 complex and we recognized the need of additional RT1 genome sequences in different strains. Owing to the accuracy and ease of determination, PCRbased SSLP genotyping could replace serological typing in genetic analyses and characterization of rat major histocompatibility.
Introduction
The RT1 complex, the major histocompatibility complex (MHC) of the rat (Rattus norvegicus), is contained within about 4 Mb on the rat chromosome 20p12 and is recognized as one of the most gene-dense and variable regions of the rat genome, similar to human and mouse genomes. It consists of at least 220 genes, including not only class I and class II genes but also the so-called framework genes, most of which have no apparent function in immune response (Hurt et al. 2004) . As seen in human HLA, RT1 is associated with more diseases than any other region of the rat genome, including different autoimmune diseases: type 1 diabetes mellitus in BB or KDP strains (Kawano et al. 1991; Yokoi et al. 2002) , experimental allergic encephalomyelitis (Stefferl et al. 1999; Weissert et al. 1998) , and experimental arthritis (Joe et al. 1999) . Phenotypes with different etiologies have also been linked to the region, ranging from prostate cancer susceptibility (Yamashita et al. 2005) to high blood pressure, body size, and fertility (Helou et al. 1999; Moreno et al. 2003) . So far, 25 quantitative trait loci (QTLs) mapped in RT1 have been registered in the Rat Genome Database (http://rgd.mcw.edu/).
Genetic variability in the RT1 complex was formerly, even now in part, assessed by serologic tests. The tests required a range of antigen-specific sera and could identify only allotypes of class I or class II molecules that were encoded by small portions of RT1, RT1A, or RT1B genes. At present, a limited set of simple sequence length polymorphism (SSLP) markers is available for surveying genetic variability in the RT1 complex. They include 17 markers, of which ten markers have been genotyped across 59 rat strains. Recently, almost 10,000 single nucleotide polymorphisms (SNPs) have been identified in the RT1 complex, of which only 48 SNPs have been genotyped across 167 distinct rat strains (Saar et al. 2008) ; however, it remains relatively costly to genotype rat SNPs, although high-throughput SNP arrays have become available. It also remains difficult to identify the QTL and disease genes only with the limited number of the present characterized SNP markers.
SSLPs are user-friendly and cost-effective genetic markers in rat genome analysis in different laboratories and are routinely used for strain identification and genetic linkage study. Genotyping is performed by simple polymerase chain reaction (PCR) and subsequent electrophoresis. Capillary electrophoresis is now applicable for genotyping SSLP markers, so a correct PCR product size can be obtained as a single nucleotide in length. SSLPs are generally multiallelic and highly polymorphic among strains, which is an apparent advantage to diallelic SNPs showing lower polymorphic rates. In the context of the incomplete characterization of all SNPs identified in RT1, SSLP marker development is still likely to be valuable for understanding the involvements of particular genes in RT1 in controlling these diseases and phenotypes.
In this study, we developed 57 novel SSLP markers in the RT1. Combined with ten existing SSLP markers, we created a set of 67 SSLP markers covering the entire RT1 complex. We genotyped these markers across 67 distinct inbred rat strains and made genetic profiles. In addition, we identified several SSLP marker haplotypes in the rat strains with phylogenic analysis of the genetic profiles.
Materials and methods

Genomic DNA
Genomic DNAs of 67 rat inbred strains were provided by the National BioResource Project for the Rat (NBRP-Rat) in Japan (Table 1) .
Designing PCR primers for SSLP markers within the RT1 region PCR primers were isolated from a genomic sequence on rat Chr 20p12 that encompassed the rat MHC (Hurt et al. 2004 ). The sequence was obtained from the BN/SsNHsd rat strain representing a serological MHC haplotype, RT1 n , and was assembled in the rat genome sequence RGSC_v.3.4. It has been reported that kinesin family member C1 (Kifc1) is a good marker for the proximal border and myelin oligodendrocyte glycoprotein (Mog) for the distal border of the MHC. We tried to isolate 100 SSLP markers from the ∼3.5-Mb MHC genomic sequence defined by Kifc1 and Mog; one marker from every 35-kb sequence. First, known SSLP markers were preferentially selected. Second, if the known marker was not found in the target 35-kb segment, primers were isolated from the sequences of known genes located within the target 35-kb segment. Third, if neither the known SSLP markers nor known genes was found in the target 35-kb segment, primers were isolated from the 35-kb genomic sequence. All primers were designed by the Primer3 program to amplify nucleotide repeats (Rozen and Skaletsky 2000) . by their flanking genes (Hurt et al. 2004) . b SSLP marker profiles of 67 rat strains. These rat strains are sorted based on the assignment on the phylogenic tree. Same haplotype patterns are individually colored. The SSLP marker haplotype of the RT1 complex is roughly divided into three genomic regions: 1 D20Rat47 to D20Yum29, 2 D20Yum84 to D20Yum41, 3 D20Yum42 to D20Yum82 Polymerase chain reaction PCRs were carried out in a total volume of 25 μL reaction mixture containing 100 ng genomic DNA, 200 μM each dNTP, 1.0 mM MgCl 2 , 0.66 μM each primer, and 0.4 U Taq DNA polymerase (GibcoBRL). The forward primer of each pair was labeled on the 5′ end with fluorescein isothiocyanate dye. After initial denaturing (94°C for 3 min), the following thermal cycles (35 cycles) were performed: 94°C for 30 s; 55°C, 60°C, 62°C, or 65°C for 30 s; and 72°C for 1 min. The optimal annealing temperature for each primer pair was determined to obtain a single PCR product from DNA of the following strains: BN/SsNSlc, DA/Slc, and WTC/Kyo. The size of the PCR products was determined with internal size standards in each capillary on an ABI 3100 DNA sequencer (Applied Biosystems). Markers showing multiple or no PCR products were eliminated from further study.
Identification of the SSLP marker haplotype in the RT1 region
Strains whose polymorphic rate varied by less than 12% were grouped and one was selected to represent the group. The phylogenic tree of these representative strains was drawn as described previously (Mashimo et al. 2006 ) and the remaining strains were then assigned to the branch of the representative strain. Allele sizes of the 67 SSLP markers were transformed to discrete characters in such a way that any allele sizes differed by only one step. Recombination rates between two adjacent markers were calculated and compared to background recombination rate with PHASE program (Crawford et al. 2004) .
Results
Fifty-seven SSLP markers were newly developed within the RT1 region
We could design 86 sets of markers within the ∼3.5-Mb RT1 region. Among the 86 markers, 57 showed single PCR products and were used for further genotyping study. Supplemented with ten existing markers, a set of 67 SSLP markers was developed to cover the entire RT1 region ( Fig. 1 ; Table 2 ). The average distance between markers was 52.5±39.4 kb (mean±SD).
Genotyping of 67 rat inbred strains for 67 SSLP markers
Using a set of 67 SSLP markers, we made genetic profiles of the RT1 in the 67 rat strains (ESM Table 1 ). The numbers of alleles among the 67 strains varied from two to 22 (Table 2 ). The average number of alleles was 8.04±3.44, indicating comparably high polymorphism. This allows researchers to select informative SSLP markers to evaluate the RT1 region. Nine markers failed to amplify PCR products in more than one strain, and all strains except for BN/SsNSlc showed no PCR product for at least one of the nine markers (Table 2; ESM Table 1 ). The absence of a PCR product indicated that the PCR primers failed to anneal the target genomic sequences because of high variability or absence of the target sequence in the strains examined. Thus, these findings suggested that the genomic regions detected by the nine markers would be highly variable among strains or deleted in some strains.
Polymorphic rate
The polymorphic rates between all possible pairs of the 67 strains were calculated (ESM Table 2 ). They varied from 0% to 97% among strains; the lowest was between SHRSP/Izm and WKAH/Hok, while the highest was between BN/SsNSlc and SDJ/Hok. The average polymorphic rate was 71 ± 23%. As expected, substrains showed a low polymorphic rate, usually less than 12% (fewer than eight of 67 markers), but some substrains showed a relatively high rate; 87% between LEW/Jms and LEW/SsNSlc, 67% between WKY/Izm and WKY/NMna or WKY/Ta. In WKY strains, this result is thought to be consistent with previous reports describing different serological haplotypes among WKY substrains (Coligan 2001; Hedrich et al. 1990 ). On the other hand, some strains showed comparable low polymorphic rates, although they were not substrains of each other. For example, SHR-related strains showed less than 12% polymorphic rate with DON/Kyo, GK/Slc, KNY/Hok, and WKAH substrains. It has been shown that these strains all shared an identical serological haplotype (RT1 k ) (Hedrich et al. 1990 ).
SSLP marker haplotypes throughout the RT1 region Forty-five rat strains were selected as representatives and their phylogenic tree was drawn. The remaining 22 rat strains were then assigned to branches of representative strains (Fig. 2) . Based on the phylogenic tree and individual genotyping data (ESM Table 2 ), we identified 28 SSLP marker haplotypes of the RT1 region (Fig. 1) . Sixty-two rat strains could be assigned to one of any SSLP marker haplotypes, but the remaining five strains (DRH/Seac, IS/ Kyo, BN/SsNSlc, NIGIII/Hok, and HWY/Slc) failed to be assigned because of their unique SSLP haplotypes. The SSLP haplotypes consisted of three genomic regions in the RT1 region (from telomeric to centromeric): (1) Fig. 2 Phylogenic tree of 67 rat strains. A phylogenic tree was drawn using the genomic profiles of 45 rat strains selected as representatives. Since the number of rat strains was too many for the phylogenic tree, we grouped rat strains whose polymorphic rate varied by less than 12% and selected one (underlined) to represent the group. The remaining 22 rat strains were then assigned to branches of representative rat strains. The SSLP haplotype numbers assigned to strains in Fig. 1 are boxed region flanked by D20Rat47 and D20Yum29, (2) 496-kb region flanked by D20Yum84 and D20Yum41, and (3) 1.72-Mb region flanked by D20Yum42 and D20Yum82. Significant recombination rates at the borders of these genomic regions were detected with the PHASE program (ESM Fig. 1 ) (Crawford et al. 2004 ).
Discussion
Our results provided new insight into the genomic organization of the RT1 complex. First, we observed the remarkably high detection frequency of the markers showing no PCR product in the RT1 complex. In this study, nine (13.4%) among the 67 SSLP markers failed to amplify the products in more than one strain. Meanwhile, SSLP markers failed to amplify the PCR product among 357 markers when they were genotyped across 122 rat strains (Mashimo et al. 2006) . The SSLP markers used in both researches were derived from genome sequences of the BN/SsNHsd strain. These findings suggest that some genomic regions in the RT1 complex would be very different from those of the BN strain or rearranged (deleted/duplicated) in different rat strains. Notably, several parts of the RT1 have been described to be rearranged in particular strains. A module encompassing C4, Cyp2la1, and Stk19 is known to be duplicated in the BN strain, and class Ia genes in the RT1-A region vary in number among strains (Joly et al. 1996; Walter and Gunther 2000) . Second, we identified 28 SSLP haplotypes in the RT1 complex among 67 strains. These haplotypes roughly consisted of three genomic regions. Major discontinuity and significantly high recombination rate were observed between D20Yum41 and D20Yum42 ( Fig. 1; ESM Fig. 1 ) and their physical position ranged from 3,302 to 3,332 kb (RGSC_v.3.4). This genomic region contains a LINE sequence and is flanked by large genome gaps (RGSC_v.3.4). Although further genomic analyses are required, it is likely that the LINE might contribute to the discontinuity of SSLP haplotypes.
The RT1 complex plays an important role in the transplantation reaction. Transplantation is successful when both donor and recipient strains have the same histocompatibility molecules on their cell surface; thus, it is significant to characterize the histocompatibility of rat strains. So far, the major histocompatibility, which is encoded by the RT1 complex, has been characterized on the basis of serological typing. These serological tests, however, only reflect genotypes of a small portion of the RT1 region, such as RT1-A or RT1-B/D, and need a range of antigen-specific sera; therefore, PCR-based SSLP genotyping is more preferable to characterize the RT1 complex than serological typing. SSLP genotyping is accurate and easy to determine, and the reference profile was available in this study. This also allowed us to carry out fast and accurate RT1 genotyping in the ongoing QTL identification project using rat heterogeneous stock (Lopez-Aumatell et al. 2008) . Furthermore, it is expected that SSLP genotyping could subdivide most serological types into numerous allelic subtypes. Indeed, in humans, owing to the progressive replacing of serological typing with PCR-based genotyping, the 100 serological HLA specificities now comprise more than 1,300 alleles defined at the DNA sequence level (Tiercy 2002) .
In summary, we developed a set of 67 SSLP markers and revealed their genetic profiles across the existing 67 rat inbred strains. The genetic profile shed light on the better understanding of the rat RT1 complex and we recognized the need for additional genomic sequencing of the RT1 complex in multiple strains. Comparison of the RT1 genomic sequences of different strains could clarify the borders of the possible genomic rearrangements to elucidate genetic variations. Furthermore, comprehensive genotyping and phenotyping of rat strains would enable haplotype mapping studies. In addition to our SSLP markers, genetic variation data, such as SNPs, might accelerate the identification of genes underlying transplantation rejection and autoimmunity as well as cancer predisposition.
